High-risk human papillomaviruses, such as HPV16, cause cervical cancers, other anogenital cancers, and a subset of head and neck cancers. E6 and E7, two viral oncogenes expressed in these cancers, encode multifunctional proteins best known for their ability to bind and inactivate the tumor suppressors p53 and pRb, respectively. In skin carcinogenesis experiments using E6 transgenic (K14E6 WT ) mice, HPV16 E6 was found to contribute to two distinct stages in skin carcinogenesis: promotion, a step involved in the formation of benign papillomas, and progression, the step involved in the malignant conversion of benign tumors to frank cancer. In this study, we compared the tumorigenic properties of K14E6 WT mice with those of K14E6 D146-151 mice, which express a mutant form of E6 that cannot bind a family of cellular proteins known as PDZ domain proteins but retains the ability to inactivate p53. In skin carcinogenesis experiments, the K14E6 D146-151 transgene failed to contribute to the promotion stage of skin carcinogenesis but retained the ability to contribute to the progression stage. Cytogenetic analysis indicated that, although gains of chromosome 6 are consistently seen in tumors arising on K14E6 WT mice, they are infrequently seen in tumors arising on K14E6 D146-151 mice. This observation supports the premise that the nature of cancer development in these two mouse strains is distinct. Based on these studies, we conclude that E6 contributes to cancer through its disruption of multiple cellular pathways, one of which is mediated through its interaction with PDZ domain partners and the other through E6's inactivation of p53. (Cancer Res 2005; 65(18): 8266-73) 
Introduction
Human papillomaviruses (HPV) are small DNA tumor viruses that cause warts. A subset of mucosotropic HPVs defined as high-risk HPVs, including HPV16, are causally associated with most, if not all, cervical cancers. In these cancers, the viral genome is commonly found integrated into the host genome, and two viral genes, E6 and E7, are up-regulated. Both E6 and E7 are considered to be oncogenes based on their individual abilities to transform cells in tissue culture and cause tumors in experimental animal models (1) (2) (3) (4) (5) .
High-risk HPV E6 proteins associate with several cellular partners. Among these is p53, which E6 binds and inactivates by targeting it for proteosome-mediated degradation (6) . It is clear, however, that some E6-induced phenotypes in vivo and in tissue culture are independent of p53 inactivation. For example, p53-null mice do not display epithelial hyperplasia or suprabasal DNA synthesis, two phenotypes observed in K14E6 WT mice (3) . Additionally, some mutant E6 proteins that are unable to inactivate p53 retain the ability to transform cells (7) (8) (9) or induce phenotypes in vivo (10) . Conversely, some mutant E6 proteins that retain the ability to target p53 for degradation are unable to induce transformation (8, 11) . These observations have led investigators to question what other E6-interacting proteins might contribute to these and other phenotypes induced by E6. A particularly intriguing group of proteins is the PDZ domain proteins. High-risk but not low-risk HPV E6 proteins associate with PDZ domain proteins. Two of E6's PDZ domain partners, Dlg and Scribble, have been defined as tumor suppressors in Drosophila. Drosophila carrying mutant alleles for either of these proteins display epithelial hyperplasia and dysplasia, two traits observed in K14E6
WT mice (12, 13) . To date, E6 has been found to associate with six PDZ domain proteins: Magi1, Magi2, Magi3, MUPP1, Dlg, and Scribble (9, (14) (15) (16) (17) (18) . PDZ domains are 80-to 90-amino acid protein-protein interaction domains that normally associate with a 5-amino acid sequence that is usually found at the COOH terminus of the binding partner (19) . PDZ domain proteins are thought to act as scaffolding proteins, organizing multiprotein cellular signaling complexes ( for review, see ref. 20) .
To study the role of E6's interactions with PDZ domain proteins in vivo, we previously generated transgenic mice that express a mutant E6 protein that is unable to associate with PDZ domain proteins but retains the ability to inactivate p53. Mice treated with 4 Gy of ionizing irradiation were analyzed for their ability to synthesize DNA. In response to the DNA damage induced by ionizing irradiation, nontransgenic mice stopped synthesizing DNA. In contrast, both K14E6
WT and K14E6 D146-151 mice continued to synthesize DNA, indicating that both wild-type and mutant E6 protein inactivate p53 (21, 22) . Studies with these mice indicated that E6's interactions with PDZ domain proteins correlate with E6's induction of epithelial hyperplasia and suprabasal DNA synthesis (21) . The focus of this study was to determine whether E6's interactions with PDZ domain proteins contribute to other E6-induced phenotypes, specifically tumorigenesis. E6 contributes to two distinct stages in skin carcinogenesis: promotion, a step involved in the formation of benign tumors, and progression, the malignant conversion of benign tumors to frank cancer (23) . Here, we show that distinct biochemical activities of E6 contribute to these two stages in tumor development. Specifically, E6's interaction with PDZ domain proteins correlates with its contribution to the promotion stage of carcinogenesis but does not correlate with E6's contribution to progression.
Materials and Methods
Mice. The generation of K14E6
WT and K14E6 D146-151 mice has been described previously (3, 21) . At weaning, tail samples were collected and DNA was isolated for genotyping. The mice were genotyped by PCR using the following primers: 709-1 (5V -GGCGGATCCTTTTATGCACCAAAAGA-GAACTG-3V ) and 709-4 (5V -CCCGGATCCTACCTGCAGGATCAGCCATG-3V Immunohistochemical analysis for bromodeoxyuridine, keratin 14, keratin 10, and Scribble. At the time of euthanasia, ear and torso skin were harvested, fixed overnight in 10% buffered formalin, paraffin embedded, and cut into 5 Am histologic sections. Sections were deparaffinized in xylenes and rehydrated through a graded series of ethanol/water washes (twice for 2 minutes in xylene, 1 minute in 100% ethanol, 1 minute in 95% ethanol, 1 minute in 80% ethanol, 1 minute in 70% ethanol, and 1 minute in 50% ethanol). For bromodeoxyuridine (BrdUrd) staining, 9-day-old mice were injected with BrdUrd 1 hour before euthanasia. Following deparaffinization and rehydration, histologic sections were washed in PBS, endogenous peroxidase activity was quenched by a 10-minute incubation in 0.3% H 2 O 2 in methanol, and the nuclear antigen was unmasked by a 20-minute incubation in 2 N HCl. The slides were then boiled in 10 mmol/L citrate buffer (pH 6.0) for 20 minutes to achieve further unmasking. Following a wash in PBS, the slides were blocked in 10% horse serum/PBS for 30 minutes and then incubated with anti-BrdUrd (Calbiochem, Darmstadt, Germany) antibody diluted 1:40 in block solution for 3 hours at room temperature. The biotinylated secondary antibody and streptavidin-peroxidase conjugate were added according to the manufacturer's instructions (Vectastain ABC kit, Vector Laboratories, Burlingame, CA). The antibody-peroxidase complex was detected by incubating the sections with 3,3V -diaminobenzidine solution (Vector Laboratories) for 1 to 2 minutes. The reaction then was quenched in water. The slides were then counterstained with hematoxylin, dehydrated through a series of graded ethanol/water washes and xylenes, and coverslipped. For keratin 14 (K14) and keratin 10 (K10) immunofluorescence, the deparaffinized, rehydrated histologic sections were washed in PBS and incubated in anti-K14 antibody (1:1,000; Covance, Richmond, CA) overnight at room temperature in 10% horse serum/3% bovine serum albumin (BSA)/PBS. After washing in PBS, Alexa 594 anti-rabbit secondary antibody (1:200; Molecular Probes, Eugene, OR) in 3% BSA/PBS was applied for 30 minutes at room temperature. The slides were washed in PBS and incubated in FITCconjugated anti-K10 antibody (1:100; Covance) for 5 hours at room temperature. The slides were then washed, counterstained with 4V ,6-diamidino-2-phenylindole (Vector Laboratories), and coverslipped. For Scribble immunofluorescence, the deparaffinized, rehydrated histologic sections were washed in PBS and incubated in trypsin (1 mg/mL) for 20 minutes at room temperature. After washing in PBS, the slides were blocked in 10% chicken serum/PBS for 1 hour at room temperature. The slides were then incubated overnight at 4jC in goat anti-Scribble antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA). After washing in PBS, Alexa 488 chicken anti-goat secondary antibody (1:200; Molecular Probes) was applied for 30 minutes at room temperature. The slides were then washed, counterstained with propidium iodide (Vector Laboratories), and coverslipped.
Multistage skin carcinogenesis study. The backs of 4-to 6-week-old mice were shaved and painted once with 1.0 nmol 7,12-dimethylbenz(a)annthracene (DMBA) in acetone. Starting 2 weeks following DMBA treatment, mice were treated twice weekly with 15 nmol 12-O-tetradecanoylphorbol-13-acetate (TPA) in acetone for 20 weeks. The mice were then allowed to age for up to 40 weeks after DMBA treatment dependent on remaining carcinoma-free. Benign (papilloma) and malignant (carcinoma) tumors were counted biweekly.
Statistical analysis. Spontaneous skin tumor development was compared using the two-sided Fisher's exact test. For the multistage skin carcinogenesis study, the average number of papillomas per mouse was compared at 20 weeks after DMBA treatment using the Wilcoxon ranksum test. To compare carcinoma incidence, a Kaplan-Meier survival curve was plotted and the log-rank test was used to compare the percentage of mice developing carcinomas among the three groups. The log-rank test takes into account data accrued throughout 20 to 40 weeks after DMBA treatment and is designed to determine whether any temporal differences exist. All statistics calculations were carried out using the MSTAT statistics software program. 3 Western blot analysis. To isolate protein from epidermis, the dorsal skin of mice was harvested at the time of euthanasia and the underlying dermis was scraped away using a scalpel blade. On ice, the remaining epidermal scrape was sonicated thrice for 5 seconds in radioimmunoprecipitation assay (RIPA) buffer [50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS] containing protease inhibitors (50 Amol/L tosyl-lysine chloromethyl ketone, 1 Amol/L aminocaproic acid, 10 Amol/L benzamidine, 2 Amol/L leupeptin, 2 Amol/L pepstatin, 0.05 Amol/L aprotinin). Lysates were rotated at 4jC for 30 minutes followed by centrifugation at 14,000 rpm for 30 minutes at 4jC. The supernatant was collected and protein concentrations were determined using the Lowry method (Bio-Rad, Hercules, CA). In tissue culture cells, cellular protein lysates were isolated by scraping cells into RIPA buffer containing protease inhibitors. To separate the soluble from the insoluble fraction of cellular lysates, cells were lysed in 250 mmol/L NaCl, 0.1% NP-40, 50 mmol/L HEPES, pH 7.0 containing protease inhibitors. The lysates were vortexed every 5 minutes for 30 minutes on ice. Following a 30-minute centrifugation at 4jC, the supernatant was collected and the protein concentrations were determined using the Lowry method. For fraction isolation the remaining pellet represented the insoluble fraction. Equal amounts of protein were loaded onto precast SDS-PAGE gels (Bio-Rad ready gels). After transfer to polyvinylidene difluoride membranes (Millipore, Billerica, MA), the blots were blocked overnight at 4jC in 5% milk/PBS-T (PBS containing 0.1% Tween 20) . Specific proteins were detected using the following antibodies: goat anti-Scribble, mouse anti-human Dlg (PharMingen, San Diego, CA), a mixture of mouse anti-E7 (1:200; Santa Cruz Biotechnology) and mouse anti-E7 (1:150; Zymed, San Francisco, CA), horseradish peroxidase (HRP) donkey anti-h-actin (1:5,000; Jackson ImmunoResearch, West Grove, PA), and HRP rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:800,000; Chemicon, Temecula, CA). Enhanced chemiluminescence detection was employed according to the manufacturer's instructions (Amersham Biosciences, Piscataway, NJ).
Isolation of tumor genomic DNA. The tumors were isolated and the skin was removed before the addition of 500 AL digestion buffer [100 mmol/L Tris (pH 8.0), 200 mmol/L NaCl, 5 mmol/L EDTA, 0.2% SDS, 200 Ag/mL proteinase K] and incubation at 55jC overnight. DNA was precipitated from the supernatant the following day in 2-propanol and washed with 70% ethanol. The resuspended DNA was then phenol/CHCl 3 extracted and reprecipitated with sodium acetate (0.3 mol/L) and 70% ethanol. The airdried DNA pellet was resuspended in DNase-free water at 37jC and stored at 4jC until use.
Comparative genome hybridization analysis. The protocol was done as reported previously (24) . 4 Briefly, genomic DNA (2 Ag) from each tumor and from normal female mouse genomic DNA was differentially labeled via nick translation. Labeled tumor and reference DNA (500-800 ng each) were combined with 15 Ag mouse CotI DNA (Invitrogen, Carlsbad, CA) and 1 Ag salmon testes DNA (Sigma, St. Louis, MO) in hybridization buffer, denatured, and allowed to pre-anneal for 1 hour before addition to pretreated and denatured slides containing normal mouse metaphase spreads. Hybridization occurred for 48 hours at 37jC in a moist chamber. Tumor DNA was detected with avidin-FITC (Vector Laboratories) followed by amplification of the signal with a biotinylated sheep anti-avidin antibody (Vector Laboratories) and another layer of avidin-FITC. Reference DNA was detected with mouse anti-digoxigenin (Sigma) followed by amplification with rabbit anti-mouse-TRITC (Sigma) and goat anti-rabbit-TRITC (Sigma). Images were acquired using a Leica DM-RXA microscope (Leica, Wetzlar, Germany), Photometrics CCD camera (Photometrics, Tucson, AZ), and CW-4000 imaging software (Leica, Cambridge, United Kingdom). Images were analyzed and ratios were plotted along the length of the chromosome using CW4000 software (Leica, Cambridge, United Kingdom).
Results
E6's interaction with PDZ domain partners correlates with its ability to inhibit epithelial differentiation and induce suprabasal DNA synthesis. K14E6
WT transgenic mice, which express the wild-type HPV16 E6 gene in stratified squamous epithelia, display epithelial hyperplasia (3). This hyperplastic phenotype is associated with both an induction of DNA synthesis within the suprabasal compartment of the epidermis and a delay in terminal differentiation (3) . In our initial studies of the K14E6
D146-151
mice, we discovered that E6's interactions with PDZ domain partners correlated with its ability to induce epithelial hyperplasia (21) . Furthermore, we observed an absence in the induction of suprabasal DNA synthesis in the epidermis of the K14E6 D146-151 mice (21), a finding reproduced in Fig. 1A to C. To determine if E6's interactions with PDZ domain proteins also contribute to the delay in terminal differentiation observed in K14E6
WT mice, we stained sections of ear epidermis with antibodies against the differentiationspecific markers K14 and K10. K14 is normally detected selectively in the basal compartment of the epidermis, whereas K10 is specifically detected uniformly within the terminally differentiating suprabasal compartment. As seen previously with the K14E6 WT mice (3), expression of wild-type HPV16 E6 in the epidermis led to an expansion of the K14-positive compartment and a delay in the onset of K10-positive staining within the suprabasal compartment compared with that observed in the nontransgenic mice ( Fig. 1D and E). Neither the expansion in K14 staining nor the delay in the onset of K10 staining was observed in the K14E6 D146-151 mice (Fig. 1F ). This comparison and further studies described herein were carried out on lines of K14E6 WT and K14E6 D146-151 mice that were matched for their level of transgene expression based on real-time PCR (21) . These data indicate that E6's ability to interact with PDZ domain proteins contributes to both the induction of suprabasal DNA synthesis and the delay in differentiation observed in the epidermis, two properties that are thought to contribute to the epithelial hyperplasia observed in K14E6 WT mice. E6's interaction with PDZ domain partners correlates with its ability to predispose mice to spontaneous skin tumors. The expression of wild-type HPV16 E6 in the epidermis of K14E6 WT mice leads to spontaneous development of skin tumors. Over a 15-month monitoring period, f14% of K14E6 WT mice develop spontaneous skin tumors, whereas no nontransgenic mice were found to develop spontaneous skin tumors in the same period (Table 1; ref. 3). To determine whether the domain of E6 that mediates its interaction with PDZ domain proteins is necessary for predisposing mice to spontaneous skin tumors, we monitored a cohort of K14E6 D146-151 mice for the same 15-month monitoring period. We found a single skin tumor to arise in 1 of 59 mice or an incidence of 1.7% (Table 1) . This frequency was significantly lower than that observed in the K14E6
WT mice (P = 0.004), indicating that E6's ability to bind PDZ domain partners correlates with its ability to cause tumors.
Separation of the biochemical properties of E6 that mediate discrete steps in skin carcinogenesis. Using a multistage skin carcinogenesis model, we determined previously that E6 plays a role in two of the three discrete stages in skin carcinogenesis: promotion and progression (23) . Promotion is one of two stages in carcinogenesis required for the formation of benign tumors (papillomas in the skin) and is caused by agents that induce cell proliferation and can perturb cell differentiation. In classic skin carcinogenesis studies using chemical carcinogens topically applied to the skin, chemicals that act as promoters work synergistically with mutagenic agents labeled ''initiators'' to cause papilloma formation. In our prior studies of K14E6 WT mice, E6 led to an increased incidence of papillomas in mice treated with the initiator DMBA and the promoter TPA. Furthermore, E6 could synergize with an initiating agent alone to cause papillomas to arise in the skin, providing evidence that E6 substitutes for a promoting agent in skin carcinogenesis. In addition, E6 contributed to progression, the stage in carcinogenesis in which benign papillomas convert to malignant carcinomas (23) . To determine at what stage(s) of skin carcinogenesis, promotion and/or progression, E6's interactions with PDZ domain partners contributes, we carried out a skin carcinogenesis experiment in which we applied topically to the skin of nontransgenic, K14E6
WT , and K14E6
mice a single dose of DMBA at 4 to 6 weeks of age. Thereafter, the mice were treated twice weekly for 20 weeks with the promoting agent TPA and monitored for papilloma development. After the TPA treatment, the mice were allowed to age for 20 more weeks and were monitored for carcinoma development. During the first 20 weeks of the study, we found that K14E6 WT mice developed a significantly greater average number of papillomas per mouse (2.82) than the nontransgenic mice (0.71; P = 0.03; Fig. 2A ), in agreement with our previous studies (23) . This increase in papilloma formation reflects E6's ability to contribute to promotion. In contrast, the K14E6 D146-151 mice did not develop a significantly different average number of papillomas per mouse (0.9) than the nontransgenic mice (P = 0.88). Furthermore, like the nontransgenic mice, the incidence of papillomas in the K14E6 D146-151 mice differed significantly from that observed in the K14E6 WT mice Figure 1 . Analysis of acute phenotypes in epidermis. A-C, high-magnification images of histologic cross-sections of ear epidermis from 9-day-old K14E6 WT (A), nontransgenic (B), and K14E6 D146-151 (C ) mice subjected to BrdUrd-specific immunohistochemistry. Animals had been injected i.p. with BrdUrd 1 hour before harvesting tissue as described in Materials and Methods. Sections were counterstained with hematoxylin. Cells that had incorporated BrdUrd, indicative of DNA synthesis, have brown nuclei. Note the selective incorporation of BrdUrd in the stratum basale of the epidermis in the nontransgenic mice, reflective of the normal property that new rounds of DNA synthesis are restricted to the basal compartment. D-F, high-magnification images of histologic cross-sections of ear epidermis from 9-day-old K14E6 WT (D ), nontransgenic (E), and K14E6
D146-151 (F ) that were subjected to immunofluorescence using antibodies specific to the basal specific marker, K14 (red ), and the suprabasal specific marker, K10 (green). The sections were counterstained with 4V ,6-diamidino-2-phenylindole (blue ). White line, location of the basement membrane.
(P = 0.006). Thus, we conclude that the ability of E6 to interact with PDZ domain partners correlates with its ability to contribute to the promotion stage of carcinogenesis.
A very different finding was made when we monitored carcinoma development, a measure of progression. Here, we found that, compared with nontransgenic mice, a significantly greater percentage of mice in both K14E6
WT (P = 0.005) and K14E6
(P = 0.002) groups developed carcinomas (Fig. 2B ). This result indicates that, although E6's interactions with PDZ domain proteins correlate with E6's ability to act in the promotion stage of carcinogenesis, these PDZ interactions are not required for E6's progression activity in carcinogenesis. This is the first evidence showing that the contribution of E6 to the multiple stages of carcinogenesis can be mechanistically separated.
Comparison of genomic alterations in tumors derived from K14E6
WT and K14E6 D146-151 mice. Characterization of the genomic alterations in carcinomas formed in K14E6
WT mice revealed the consistent gain of mouse chromosome 6 in all of the cell lines established from these tumors and often the additional gain of chromosome 10 (25) . This was strikingly different from the tumors that arose in mice transgenic for K14E7 in which no consistent genomic alterations were observed. In the original study, cell cultures were established from tumors and the cells were cytogenetically analyzed. To ensure that cytogenetic changes seen in that earlier study were not the result of genomic instability in tissue culture, early and late passages of cells from the K14E6 WT tumors were reanalyzed and found to have the same cytogenetic abnormalities (data not shown). For this study, we did not culture the tumors but simply prepared genomic DNA from the dissected K14E6 D146-151 tumor mass, as the tumor masses were well defined and surrounding normal tissue could be removed by microdissection. Eleven tumors were analyzed by comparative genome hybridization (CGH). Eight of the tumors showed copy number alterations in at least one chromosome, indicating that the tumor cells were well represented in the DNA samples extracted from the tumors. Gains in regions of chromosomes 7 and X, which were observed in approximately half of the tumors, were the most common changes seen (Fig. 3) . The minimum region of overlap for the five tumors containing a regional gain on chromosome 7 were bands B5 to C. This corresponds approximately to 43.3 to 6.5 Mb. Bands E1 to E3 constituted the minimal overlap region on the X chromosome. Of greatest significance, gains of chromosome 6, which had been observed previously in 100% of cells derived from K14E6
WT tumors, were only observed in 2 of 11 K14E6 D146-151 tumors. Thus, it seems that tumor formation in the absence of the PDZ domain of E6 is not dependent on aneuploidy for mouse chromosome 6.
PDZ domain partners of E6 are expressed in appropriate tissues in mouse and humans. The PDZ domain protein(s) that contributes to E6's oncogenic potential is not defined. The Scribble and Dlg proteins are particularly intriguing targets given their roles in epithelial development in Drosophila. Both proteins have been defined as tumor suppressors in Drosophila, because Drosophila carrying mutant alleles of either protein display epithelial disorganization and hyperplasia, two phenotypes similar to those observed in the K14E6 WT mice (12, 13) . We confirmed by Western blot analysis that both Dlg and Scribble are expressed in epidermal scrapes of nontransgenic mice (Fig. 4A) . Prior studies have shown that, when expressed from heterologous promoters at sufficient levels, E6 can target each of its PDZ domain partners for degradation (9, (14) (15) (16) (17) (18) . We therefore compared the (Fig. 4A) . The absence of any reduction in these PDZ domain partners could reflect differences in how the E6 protein affects mouse versus human homologues or differences in the levels of E6 protein expressed in the mouse model versus in the natural host cells expressing the E6 gene from its homologous viral promoter. We therefore did Western analysis on a HPV16-positive human keratinocyte cell line, NIKS, which harbors the intact viral genome as a low-copy nuclear plasmid and which on terminal differentiation supports the entire viral life cycle. The presence of the HPV16 replicon in this human keratinocyte cell line led to no change in the steady-state levels of Dlg or Scribble (Fig. 4A) . Considering that the degradation of the proteins by E6 could be an event that occurs only during tumor development, we looked at Scribble and Dlg protein levels in cell lines isolated from skin tumors from K14E7
WT and K14E6 WT mice that arose spontaneously or arose as a consequence of topical treatment with chemical carcinogens. The levels of Dlg and Scribble present in these tumors were equivalent to each other and to that seen in epidermal scrapes from 9-day-old nontransgenic mice (Fig. 4B) . We extended this analysis to human cell lines derived from a CIN lesion and frank cervical cancer. Clonal cell populations from a human CIN lesion harboring the HPV16 genome either extrachromosomally (W12E) or integrated into the host genome (W12I) and from a HPV16-positive cervical cancer lesion (CaSki) were compared to determine if steady-state Dlg or Scribble protein levels are altered with the increased E6/E7 RNA expression that occurs on viral integration (Fig. 4C) . These cells were also compared with C33a cells, a HPV-negative cervical cancer cell line, to determine whether changes in protein levels were dependent on the expression of E6 versus the development of cancer. E7 expression was detected in W12E, W12I, and CaSki cells but not in C33a cells, consistent with the HPV status of each of these cell , and nontransgenic (NTG ) mice or from cultures of immortalized human foreskin keratinocytes that do (NIKS +HPV16 ) or do not (NIKS ) harbor HPV16 replicons. B, Western blots for Dlg and Scribble on equivalent amounts of protein extracted from epidermal scrape of a 9-day-old nontransgenic mouse or from tumors arising on the skin of K14E6 WT or K14E7 WT mice. In the last lanes, tumors were taken from mice treated with DMBA and TPA. C, Western blots for Dlg and Scribble on equivalent amounts of protein extracted from cultures of cervical epithelial cells harboring extrachromosomal (W12E ) or integrated (W12I ) HPV16 genomes, the HPV16-positive cervical cancer cell line CaSki, and the HPV16-negative cervical cancer cell line C33a. D, Western blots for Dlg and Scribble on equivalent amounts of soluble or insoluble protein extracted from indicated human keratinocyte cultures. In all four panels, Western blots labeled LC were probed with antibodies to either GAPDH (A ), h-actin (B and C ), or viniculin (D) to insure equal loading of samples. Dlg has been observed as a doublet or triplet; however, E6 expression was never seen to alter the relative ratios of the bands (data not shown). lines. E7 expression was increased in W12I cells compared with W12E cells; however, no apparent increase was observed in the CaSki cells compared with the W12E cells (Fig. 4C) . Dlg protein levels were inversely correlated with those of E7 in the different cell lines; that is, a decrease was observed in W12I cells but not in CaSki cells compared with W12E cells. However, Dlg protein was difficult to detect in C33a cells, suggesting that loss of Dlg may correlate with cancer development in some cases and may not be dependent on expression of E6 (Fig. 4C) . In contrast, Scribble protein seemed to be slightly decreased in W12I and CaSki cells compared with W12E cells. This decrease was not observed in C33a cells, suggesting that decreased Scribble levels are dependent on expression of E6 (Fig. 4C) . Studies by Massimi et al. have suggested that E6 expression may alter the levels of Dlg and Scribble specifically in the nuclear and cystoplasmic fraction (26) . In order to determine if this was true in NIKS cells we carried out Western blot analysis comparing the levels of Dlg and Scribble in the soluble and insoluble fractions of NIKS and NIKS harboring the HPV16 genome (Fig. 4D) . In contrast to previous studies we were unable to observe any differences in the levels of Dlg between NIKS and NIKS harboring HPV16 in both the soluble and insoluble fractions. Scribble analysis indicated that, if anything, Scribble levels might be upregulated in the presence of HPV16. Although E6 as expressed in our E6 transgenic mice or from the viral genome in NIKS does not alter the steady-state level of Scribble or Dlg, it may alter its function by changing its cellular localization. We therefore carried out immunofluorescence studies on Scribble, for which a suitable antibody is available. As expected, immunofluorescence analysis revealed that Scribble was primarily localized to the cell membrane in normal mouse epidermis (Fig. 5A ). We were unable to detect any differences in Scribble localization among 9-day-old, K14E6 WT , nontransgenic, and K14E6 D146-151 mice. Likewise, we observed no difference in the Scribble staining pattern in organotypic raft cultures of the human keratinocyte cell line NIKS that did or did not harbor the HPV16 genome (Fig. 5B) . Interestingly, we observed a difference in Scribble localization in a raft of CaSki cells. Here, Scribble appeared more punctate and cytoplasmic compared with both the NIKS and the NIKS harboring the HPV16 genome rafts (Fig. 5B ). This is consistent with studies that monitored the localization of Scribble in normal and progressively dysplastic HPV-positive cervical epithelium (27) . To determine if a similar pattern was observed in our mouse model, we isolated tumors from K14E6
WT and nontransgenic mice treated with DMBA and TPA and stained them for Scribble. Similar to what we observed in the skin of 9-day-old mice, Scribble was detected at the membrane of normal tissue adjacent to tumors from both K14E6 WT and nontransgenic mice ( Fig. 6A and D) . In contrast to the normal tissue, Scribble appeared more punctate and cytoplasmic in tumor sections from both K14E6
WT and nontransgenic mice (Fig. 6B, C, E, and F) .
Discussion
In this study, we show that E6's interactions with PDZ domain proteins correlate with a specific subset of E6's oncogenic properties, including E6's ability to inhibit epithelial differentiation, induce spontaneous tumors, and contribute to the promotion stage of skin carcinogenesis. The fact that K14E6 D146-151 mice retain an increased incidence of progression indicates that some property of E6 other than its interaction with PDZ domain proteins mediates E6's contribution to malignant conversion. This provides the first direct evidence that distinct activities of E6 contribute to distinct stages in carcinogenesis. We suspect that this other property is E6's inactivation of p53, as mice deficient for p53 specifically show an enhanced rate and incidence of progression but no increase in initiation or promotion (28) .
CGH analysis indicated that the chromosomal aberrations in tumors from K14E6 D146-151 mice were not similar to those observed previously in K14E6
WT tumors. In this study, CGH analyses were carried out on DNA extracted directly from carcinomas isolated from the K14E6 D146-151 mice, whereas the prior CGH analysis of tumors from K14E6
WT mice was carried out on DNA isolated from cell cultures derived from those tumors. For several reasons, we do not believe that culturing the cells is responsible for the striking difference in frequency of gains in chromosome 6. First, the consistent gain of chromosome 6 seen in cells from the K14E6 WT tumors was not seen in cells from the K14E7 WT tumors, indicating that culturing of squamous carcinomas per se is not responsible for gains in chromosome 6. Second, prior studies have shown that karyotypes remain quite stable with passaging of cells derived from thymic lymphomas (29) . Third, and perhaps most importantly, we reanalyzed early and late passages of the cell populations derived from the K14E6
WT tumors that were used in the prior study analysis (25) and found that early and late passages show the same cytogenetic changes as described previously (data not shown). Although CGH analysis of DNA extracted directly from the tumor mass avoids the potential concern for tissue culture artifacts, it raises the concern that cytogenetic abnormalities might be missed if the fractional content of the tumor cell type over normal and/or stromal cells is insufficient. In our analysis, 8 of 11 DNA samples isolated from the K14E6 D146-151 tumors showed one or more chromosomal gain or loss; therefore, we are confident at least for those 8 samples there was sufficient representation of tumor cells.
Although a consistent gain of chromosome 6 was present in all of the tumors from K14E6
WT mice (25), only 2 of 11 carcinomas from K14E6 D146-151 mice displayed a gain of chromosome 6. These results indicate that E6's interactions with PDZ domain proteins correlate with a gain of chromosome 6 in tumors. This finding may indicate a functional link between E6's interactions with PDZ domain proteins and one or more genes on chromosome 6. However, it is unclear whether this link would be direct or indirect. Several genes on chromosome 6 present interesting potential targets for a direct link. These include K-ras, ephrin receptors B6 and A1, and transforming growth factor-a (TGF-a). K-ras, a commonly mutated protein in cancer, is an interesting target; however, in our previous studies, no up-regulation of this gene was observed in the K14E6 WT carcinomas (25) . The ephrin receptors B6 and A1 are part of the receptor tyrosine kinase family of ephrin receptors. Alterations in expression of ephrin receptors and ligands have been found in a variety of cancers and in some cases have been used for diagnostic purposes (30, 31 33 ). TGF-a is a ligand for the epidermal growth factor receptor, whose expression has been implicated in E6-induced transformation and tumorigenesis (34, 35) . Interestingly, TGF-a membrane trafficking has been linked to a Golgi-associated PDZ domain protein, p59/GRASP55 (36) .
Chromosomal aberrations are generally considered to be a hallmark of the progression stage of carcinogenesis. Therefore, it is interesting that, although E6's interactions with PDZ domain proteins contribute specifically to promotion and not progression (Fig. 2) , carcinomas from K14E6
WT and K14E6 D146-151 do not display similar chromosomal aberrations. This result could be explained by invoking a model in which expression of E6 and the gain of chromosome 6 are indirectly related. In such a model, E6's interactions with PDZ domain proteins would lead to a signaling pathway that contributes to promotion and when coupled with a gain of chromosome 6 gives a selective advantage to those cells that then progress on to frank cancer. In contrast, when this signaling pathway is not active (i.e., E6 is unable to interact with PDZ domain proteins), there is no selective advantage for a gain of chromosome 6 in these cells; instead, other genetic changes provide selective advantage for progression. Interestingly, this hypothesis would suggest that tumors in K14E6
WT and K14E6
D146-151
mice are progressing through different mechanisms, an outcome we would not have predicted simply based on our results in the multistage carcinogenesis study. To date, it is unclear what PDZ domain protein(s) is contributing to these E6-induced phenotypes. Of the six described partners, Scribble and Dlg perhaps seem to be the most likely candidates considering their growth control activities in Drosophila. Studies in vitro and in tissue culture have suggested that both of these proteins are targeted for degradation by E6, possibly explaining E6's PDZ-dependent properties. Using HPV16-and HPV18-positive cervical carcinoma cell lines, Massimi et al. showed that Scribble and Dlg proteins found in the soluble fraction were specifically targeted for degradation (26) . Immunofluorescence coupled with small interfering RNA revealed that E6 specifically decreases the levels of Dlg in the nucleus and cytoplasm (26) . In our hands, we failed to observe any change in the steady-state level of these proteins in total lysates from both K14E6 and nontransgenic mouse epidermis, in tumors that arose from the E6 transgenic mice, and from human keratinocytes harboring HPV16 (Fig. 4A and B) . We did observe changes in Scribble and Dlg expression when comparing their expression in cell lysates from human CIN-derived cell lines, a human HPVpositive cervical cancer-derived cell line (CaSki), and a human HPV-negative cervical cancer cell line (C33a; Fig. 4C ). Dlg levels were inversely correlated with E7 levels; however, the low Dlg expression in C33a cells indicates that E6 expression is not required for decreased Dlg expression. On the other hand, Scribble protein appeared to decrease modestly, specifically when the HPV genome had integrated into the genome of human cervical cancer cell lines, suggesting that it may be a more relevant mediator of E6-induced phenotypes (Fig. 4C ). Our analysis of soluble and insoluble fractions indicates that Dlg levels are not altered in either fraction in NIKS harboring the HPV16 genome (Fig. 4D) . This result contrasts with that of Massimi et al. (26) . A possible explanation may be that higher levels of E6 than those in NIKS harboring the HPV16 genome are required for E6 to induce the degradation of soluble Dlg. These effects may also be tissue specific, as decreased levels of Scribble protein are detected in the presence of E6 in the lens of K14E6 WT mice (22) . E6 could use other mechanisms than destabilizing proteins to alter the function of its PDZ protein partners. These may include changing the localization of PDZ domain protein(s) and/or altering the activity of PDZ domain proteins. Immunofluorescence studies in mouse epidermis suggest that on a gross level E6 does not alter the localization of Scribble (Fig. 5) . However, subtle changes in subcellular localization may not have been evident. We noted changes in Scribble localization in the raft composed of the HPV16-positive cervical cancer cell line CaSki (Fig. 5) , consistent with a study of human cervical lesions (27) . That study indicated that, as normal cervical epithelium becomes progressively more dysplastic, the localization of Scribble becomes more cytoplasmic and is actually undetectable in frank cancers. Interestingly, we observed a similar staining pattern in tumors induced with DMBA and TPA in our mice. However, the change in localization of Scribble did not differ between tumors isolated from nontransgenic and K14E6 WT mice (Fig. 6 ). E6 is upregulated in its expression in the context of human cervical cancer, a consequence of the viral genome becoming integrated into the host chromosomes. It has been hypothesized that this up-regulation of E6 may cause the changes in localization and/or levels of Scribble in the higher-grade cervical lesions in women. We are not aware of any such up-regulation of E6 expression in the tumors that arise in our K14E6 mouse model. Studies in mice carrying nulligenic alleles of PDZ domain proteins will be critical to allow for a better understanding of the role these proteins play in mammalian cell signal regulation and in cancer. Mice carrying a Dlg gene trap mutation indicate that Dlg plays a critical role in development, as these mice die around embryonic day 18.5 (e18.5; ref. 37) . Our own studies indicate that at e18.5 the Dlg gene trap mutation does not induce suprabasal DNA synthesis or delayed terminal differentiation (data not shown), possibly suggesting that the inactivation of Dlg is not sufficient to account for the these phenotypes in K14E6 WT mice. However, K14E6
WT mice also do not display these phenotypes at e18.5 likely because expression of the transgene cannot be detected until 6 to 9 days after birth. Additionally, the truncated Dlg protein produced from the gene trap retains all three PDZ domains and therefore may still retain some function. Finally, a combination of these activities may be required for E6 to induce PDZ domain protein-dependent phenotypes. To elucidate this, mice carrying mutant alleles for combinations of PDZ domain proteins will be required. These studies await the availability of mice carrying conditional null alleles of these essential genes.
